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Abstract: Mussels are effective bioindicator organisms for aquatic environments. Therefore, they were often used to determine the
effects of various xenobiotics in the aquatic systems. There is no study to our knowledge on the in vivo effects of nanoparticles (NPs) on
the activities of ATPases in freshwater mussels (Unio tigridis). This work demonstrates the effects of Al2O3, CuO, and TiO2 NPs on NaATPase, Ca-ATPase, and Mg-ATPase activities in the gill and muscle of mussels following 14-day exposures to different concentrations
of NPs (0, 1, 3, 9 mg/L). Mussels were fed with laboratory cultured algae (Chlorella vulgaris) during the exposures. There was no ouabainsensitive ATPase activity in the tissues of U. tigridis. The activities of Na-ATPase and Ca-ATPase in the gill decreased significantly (p
< 0.05), while Mg-ATPase activity increased. However, the activities of all ATPases decreased significantly after NP exposures in the
muscle. There were more significant alterations in the gill compared to the alterations in the muscle. The order of NP effects was
determined as TiO2 > CuO > Al2O3. There was no significant alteration in algae consumption between control and NP-exposed mussels.
The present study reporting the first data on the effects of NPs in U. tigridis demonstrated the sensitivity of mussel physiology towards
NP exposures, suggesting further studies to understand better the physiological response of mussels.
Key words: Mussel, nanoparticle, ATPase, toxicity, biomarker

1. Introduction
Metal-oxide nanoparticles have recently emerged following
the developments in nanotechnology. These matters have
size ranges between 1–100 nm and superior physical and
chemical characteristics (e.g., high surface to volume
ratio, high reactivity, special surface structure, and unique
electronic properties) that make them desirable metal
complexes in different areas (Chavali and Nikolova, 2019).
It is postulated that these matters might be the dominant
contaminants in the future considering environmental
pollution, especially the aquatic ones. Although there
is no considerable data coming from the field studies,
laboratory studies demonstrated that NPs are not innocent
compounds as they can accumulate and cause toxic effects
on different systems in animal metabolisms (Tiple et
al., 2020). The environmental quality standard levels for
metals were determined to set the maximum allowed
metal levels in food and water (McLusky, 1989), though
these standards have not been set NPs.
ATPases are a group of enzymes that play an important
role in the functional regulation of the cell, and they control
metabolic events that require high energy, such as osmotic

pressure, ion movements, and membrane permeability
in tissues. For example, Na,K-ATPases are responsible
for cell resting potential, active transport, and regulation
of cellular volume. In many animal cells, 20% of the total
ATP consumed in the cell is used by ATPases, while this
situation increases up to 66% in neurons (Kaplan, 2002;
Howarth et al., 2012). Moreover, ATPase group enzymes
show high electronegative properties and it has been
stated that they are highly sensitive to transition metals
due to these properties (Kaplan, 2002). Since ATPases are
sensitive to environmental pollutants, they were suggested
to be used as the early warning systems for the aquatic
animals before the osmoregulatory damage occurred due
to xenobiotics, making them an important biomarker
(Canli and Stagg, 1996; Ay et al., 1999). Although the effects
of metals on ATPase group enzymes are well documented,
studies on the effects of NPs have been published in the
last decades (Khan et al., 2016; Canli et al., 2018; Carmo
et al., 2018; Canli and Canli, 2020; Qian et al. 2020). These
studies generally demonstrated that NPs alter the activities
of ATPases in animals, depending on exposure conditions
and species in concern.
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The feeding behavior of mussels made them desirable
bioindicator organisms to monitor the aquatic systems.
As it is well known, mussels can accumulate xenobiotics
in high amounts, levels reaching many folds comparing
the levels in the water. Our previous work demonstrated
that U. tigridis accumulated Al-NPs, Cu-NPs Ti-NPs
in the gill and digestive gland (Canli and Canli, 2021b).
Literature data indicated that metal compounds may have
adverse effects on the growth, filtration, behavior, and
enzyme activity of mussels that may cause a decline in the
population densities and species diversities (Naimo, 1995;
Khan et al., 2016). Our previous data demonstrated that
U. tigridis does not have any ouabain-sensitive ATPase
activity. Therefore, we characterized Na-ATPase activity
which is dependent on Mg2+ and stimulated by Na+ (Canli
and Canli, 2021a). Likewise, Mg-dependent and Ca2+
stimulated Ca-ATPase activity was also characterized in
the same paper. Data also showed that NPs (Al2O3, CuO,)
did alter significantly their activities in vitro, though ionic
forms of aluminium and copper significantly inhibited the
activities. The present study was planned to investigate in
vivo effects of Al-NPs, Cu-NPs and Ti-NPs on the activities
of Na-ATPase, Mg-ATPase, and Ca-ATPase in the gill of
mussels to enlighten better the effects of NPs following a
14-day exposure protocol.
2. Materials and methods
2.1. Experimental protocols
Mussels were collected from Gölbaşı Lake (Hatay) by
professional divers from 1–6 m depths (36°30’17.6”N
36°29’10.8”E). The mussels belonging to the Unionidae
family from Hatay region were shown to contain very low
metal levels in their tissues (Turkmen and Ciminli, 2007).
Following the collection of mussels, they were immediately
transported to the laboratory where the experiments were
carried out and placed in glass aquariums (36 × 24 × 15
cm) containing tap water. The mussels were allowed to
adapt to the laboratory conditions (21.9 ± 0.56 °C) for at
least 2 weeks and then they were taken to the experimental
mediums. The physical and chemical measurements
of the experimental mediums were done regularly
with multimeter probes (Orion 5-Star), though some
measurements such as hardness and alkalinity were made
using the standard titration methods. The results of those
measurements (mean±se) were as follow; pH (7.52 ± 0.61),
oxygen (6.70 ± 0.19 mg/L), total hardness (301 ± 18.4
mg Ca2CO3/L), alkalinity (198 ± 10.3 mg Ca2CO3/L) and
salinity (0.15 ± 0.07 ppt). The mean values and associated
standard errors for the length (mm), height (mm), and
weight (g) of mussels used in the experiments were 61 ±
0.9, 24.5 ± 0.4, and 33 ± 1.5 respectively.
After the adaptation period, mussels were exposed to
NPs (Al2O3, CuO, TiO2) at different concentrations (0, 1,
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3, and 9 mg NP/L) for 14 days. A total of 100 mussels were
divided among 3 NP exposure groups and control, each
containing 10 mussels. The exposure waters of all media
were refreshed every two days to keep NP concentrations
close to nominal values and
 also to clean the exposure
medium. After 14 days of in vivo exposures, the mussels
were taken out from their mediums, washed with isotonic
water (0.9 % NaCl), dried and their sizes (length and
weight) were measured. Mussels were killed by cutting
the anterior and posterior adductor muscles and the gills
and food muscles were carefully dissected and frozen at
–80 °C (Esco UUS-480A) until analysis. If the shells of
the mussels were tightly closed during the dissection, they
were accepted as alive.
2.2. Algae culturing and mussel feeding
The cultures of microalga Chlorella vulgaris were grown
in glass jars, each one containing an 8 L culture medium
(3NBBM+V medium) using a batch culture system
and stirring continuously by air (Bischoff and Bold,
1963). During the culturing process, algae cultures were
illuminated (22 ± 2 °C) with fluorescent lamps (Philips
TLM 40W/54RS) at an irradiance level of 80 μmol/m2/s,
using a photoperiod of 16 h light and 8 h dark regime. The
irradiance level was measured by a radiation sensor LICOR (LI-250) and algae concentration (optical density)
was measured each day by a UV–vis spectrophotometer
(Shimadzu UV-1800) at 680 nm for algae growing period
of one week until their optic density reached to 1513 ± 30.
Then these algae were used in the feeding of mussels. The
mussels were fed 5 h before the water change. For feeding,
unicellular algae of Chlorella vulgaris species cultured in
laboratory conditions were used. Mussels were kept in
complete darkness so that they can feed on algae, receiving
an approximate algae concentration of 500,000 algae/mL.
Algae consumption of mussels was calculated between
feeding time zero and after 5 h feeding period using a light
microscope (Lecia DM500) and the Thoma glass.
2.2. Measurements of ATPase activity
Samples of gill and muscle tissues were homogenized
using a homogenizer (Janke and Kunkel Ultra Turrax
T25) in a buffer (1/10) containing 20 mM Tris-HCl, 0.25
M sucrose, and 1 mM EDTA (pH 7.7). Homogenizations
were carried out on the ice for 2 min, setting the speed
of the homogenizer to 9500 rpm. Then, the homogenates
were centrifuged for 20 min using a centrifuge (Hettich
Universal 30 RF) at 13,000 g (4 °C). The supernatants were
obtained and transferred into Eppendorf tubes (2 mL) for
subsequent analysis.
The methods described in our previous paper were
used in the measurement of ATPase activities (Canli and
Canli, 2021a). This work demonstrated that there was no
ouabain-sensitive ATPase activity in U. tigridis up to 10
mM ouabain concentrations. Therefore, the activities of
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Na-ATPase, Ca-ATPase, and Mg-ATPase were measured
in the tissues. Na-ATPase activity was measured from the
differences between buffer A (contains 100 mM Na+, 3
mM Mg2+, 2 mM ATP, 40 mM Tris, pH 7.5) and buffer
B (3 mM Mg2+, 2 mM ATP, 40 mM Tris, pH 7.5) and
Ca-ATPase activity was measured from the differences
between buffer C (5 mM Ca2+, 4 mM Mg2+, 4 mM ATP,
40 mM Tris, 2 mM EGTA, pH 7.5) and buffer D (4 mM
Mg2+, 4 mM ATP, 40 mM Tris, 2 mM EGTA, pH 7.5). The
residual activities were accepted as Mg-ATPase activity.
Reaction tubes containing buffers and supernatants (50
µL) were preincubated at 37 °C for 5 min and then ATP
was added to the tubes to start the reaction. All reactions
were continued at 37 °C in a water bath (Wise Bath WSB30) shaking continuously. After 30 min, 0.5 mL of ice-cold
distilled water was added to the tubes to stop the reactions.
The method of Atkinson et al. (1973) was used to measure
ATPase activity. The method relies on determination of
Pi liberated from ATP, reading the absorbance at 390 nm
(Schimadzu UV-1800 spectrophotometer). Phosphate
(KH2PO4) standards between 50–600 µM were prepared
to estimate the phosphate concentrations in the reaction
mediums. Protein levels were measured using the method
of Lowry et al. (1951).
2.3. Nanoparticle characterization
Characterization of metal oxide nanoparticles (Al2O3,
CuO, TiO2) was detailed in our previous papers (Canli
and Canli, 2019). According to data, Al2O3 NPs have an
approximate size of ~40 nm and >30 m2/g surface area,
whereas CuO NPs have an approximate size of ~40 nm and
>20 m2/g surface area and TiO2 NP have an approximate
size of ~21 nm and >30 m2/g surface area. X-ray diffraction
analysis (XRD) analysis showed that gamma Al2O3 NP was
polycrystalline structure and had a cubic phase, whereas
Cu NP was a polycrystalline structure and monoclinic
phase and anatase TiO2 NP was a polycrystalline structure
and tetragonal phase (Figure 1). Energy-dispersive X-ray

(a)

(b)

(EDX) analysis was done using a field-emission scanning
electron microscope (Zeiss/Supra 55 VP) to determine the
contents of NPs. Metal contents of Al2O3, CuO, and TiO2
were 51.1%, 79.1%, and 60.5%, respectively, the remaining
atoms being oxygen.
2.4. Statistical analysis
A statistical package program (SPSS 20) was used to
perform the statistical test on the data. Data were checked
for the homogeneity of variance. First, the one-way
ANOVA was applied to the data to estimate significant
differences (p < 0.05) among controls and exposure
groups. Significant results were reanalyzed by post-hoc
tests (Tukey) to estimate groups differing significantly
from controls. Nonparametric tests (Kruskal-Wallis oneWay ANOVA and Mann-Whitney U-test) were used for
data with nonnormal distributions. Mean values and
associated standard errors of data were presented as
figures, indicating the results of statistical tests.
3. Results
After 14 days of experimental duration, no mussel death
was noted in both controls and NP-exposed mussels.
ATPase activities were affected from 14-day NP exposures
in all tissues (Table). Statistical analysis showed that
the activities of Na-ATPase and Ca-ATPase decreased
significantly (p < 0.05) in the gill of mussels after Cu-NP
and Ti-NP exposures, though Al-NP exposure did not
cause any significant alteration (p > 0.05). Oppositely,
Mg-ATPase activity in the gill of mussels increased
significantly (p < 0.05) after exposure to all NPs (Figures
2–4). However, both Mg-ATPase and Ca-ATPase activities
in the muscle of mussels decreased significantly (p <
0.05) after all NP exposures (Figures 5–6). During the
feeding of mussels, algae numbers (×1000 algae /mL) in
the exposure aquariums ranged between 610–490 and
590–480 at the time 0 (algae addition) and after 5 h feeding
period, respectively. Statistical analysis showed that algae

(c)

Figure 1. TEM images of Al O (a), CuO (b), and TiO (c) nanoparticles in stock solutions (Canli and Canli, 2020).

3
2
Fig. 1. TEM images of2 Al
2O3 (a), CuO (b) and TiO2 (c) nanoparticles in stock solutions (Canli

and Canli, 2020).
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Table 1. A summary of significant alterations in ATPase activities in the gill and muscle of mussels after
14-day exposure to different concentrations (1, 3, and 9 mg/L) of Al2O3, CuO, and TiO2 nanoparticles.
Upward arrows indicate increases and downward arrows indicate decreases. Only significant (p <
0.05) alterations were indicated.

TISSUE

ENZYME

Al2O3 NP
1

3

CuO NP

Na-ATPase

9

Gill

1

3

TiO2 NP
9

1

3

9

		

Mg-ATPase
Ca-ATPase
Mg-ATPase

Muscle

Ca-ATPase

		

FigureEffects
2. Effects
on Na-ATPase
activity
gill of
mussels
14 days.
Fig.2.
of NPsofonNPs
Na-ATPase
activity in
the gillinofthe
mussels
after
14 days.after
* indicates
*
indicates
significant
(p
<
0.05)
differences
compared
to
control.
significant (P<0.05) differences compared to control.

Figure 3. Effects of NPs on Mg-ATPase activity in the gill of mussels after 14 days.
Fig.3. Effects of NPs on Mg-ATPase activity in the gill of mussels after 14 days. * indicates
* indicates significant (p < 0.05) differences compared to control.
significant (P<0.05) differences compared to control.
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Figure 4. Effects of NPs on Ca-ATPase activity in the gill of mussels after 14 days.
* indicates significant (p < 0.05) differences compared to control.

Fig.4. Effects of NPs on Ca-ATPase activity in the gill of mussels after 14 days. * indicates
significant (P<0.05) differences compared to control.

FigureEffects
5. Effects
of on
NPs
on Mg-ATPase
activity
in the muscle
of mussels
after 14 days.
Fig.5.
of NPs
Mg-ATPase
activity
in the muscle
of mussels
after 14 days.
* indicates significant (p < 0.05) differences compared to control.
* indicates significant (P<0.05) differences compared to control.

consumption of mussels did not change significantly (p >
0.05) among controls and NP-exposed groups.
4. Discussion
The present study is the first one to our knowledge
investigating the effects of in vivo NP impacts on
ATPases of U. tigridis. Therefore, there is no comparable
data to evaluate the present data with the literature data.
Exposures of mussels to Al-NPs, Cu-NPs, and Ti-NPs for
14 days did not cause any mussel mortality, as the shells of
all mussels were tightly closed. Likewise, filtration rates of
algae by controls and NP-exposed mussels did not change
significantly in the present study. However, there are a few

studies demonstrating the effects of NPs on the filtration
rates of freshwater mussels. For example, Ray et al. (2020)
found a decrease in the filtration rate of algae by freshwater
mussel (Lamellidens marginalis) exposed to Cu-NPs for 14
days. Similarly, there are several data demonstrating the
changes in food consumption of mussels after different
xenobiotic exposures (Anandraj et al., 2002; Culbertson et
al., 2008; Liu et al., 2014; Ray et al., 2020).
The present data demonstrated that ATPase activities
in the gill and muscle of mussels decreased significantly,
except Mg-ATPase activity in the gill. The strong and
constant inhibition patterns of ATPases suggest that NPs
harm the structures of the membranes of the cells and
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Figure
6. Effects
of on
NPs
on Ca-ATPase
in the muscle
of mussels
after 14 days.
Fig.6.
Effects
of NPs
Ca-ATPase
activityactivity
in the muscle
of mussels
after 14 days.
indicatessignificant
significant(P<0.05)
(p < 0.05)
differences
compared
to control.
**indicates
differences
compared
to control.

inhibit their activities. Oppositely, increases in Mg-ATPase
activity in the gill indicate that the cells need extra energy
to cope with the harms caused by NPs, as mitochondrial
Mg-ATPase involves in respiration processes. Our previous
papers showed that there were significant amounts of AlNPs, Cu-NPs, and Ti-NPs accumulation in the gill and
muscle of U. tigridis following exposure to NPs (Canli
and Canli, 2021b). Therefore, the alterations in ATPase
activities in the present study were accepted as the results
of NP accumulations in the gill and muscle of NP-exposed
mussels.
The findings of the present work seem in accord
with ATPase data obtained from other mollusk species
exposed to different NPs. Katsumiti et al. (2015a and b)
investigated the effects of Ag-NPs and Ti-NPs on the
activity of Na,K-ATPase in the gill of marine mussels
(Mytilus galloprovincialis). The authors showed that both
NPs decreased Na-K-ATPase activity in gill tissue in
vitro, suggesting that small-sized NPs are more effective
than larger ones. They also emphasized that NP toxicity
may vary with the size, mode of synthesis, crystalline
structures, and other additives. Similar in vitro effects were
also determined in mussels (Mytilus galloprovincialis)
exposed to Cu NPs, as there was a decrease in Na-KATPase activity in gill tissues (Katsumiti et al. (2018).
Qian et al. (2020) demonstrated that exposure to TiO2 NPs
altered the osmotic adjustment system in marine mussel
Perna viridis by reducing Na,K-ATPase activity. They also
found that that TiO2 NPs could block the transformation
and detoxification of arsenic in mussels, which would
increase the risk of arsenic to marine animals and even
humans via the food chain. Similarly, Völker et al. (2015)
studied the effects of Ag NPs and found that the activity of
Na,K-ATPase decreased up to 83% in the gill of freshwater
clam Sphaerium corneum. There are more data concerning
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the effects of NPs on the response of ATPases of freshwater
fish compared to freshwater mussels, emphasizing the
hazardous effects of NPs on the osmoregulation system
(Federici et al., 2007; Griffitt et al., 2011; Remya et al., 2015;
Carmo et al., 2018), though there were increases in ATPase
activity in fish exposed to different NPs (Wang et al.,
2014; Bessemer et al., 2015). Effects of NPs on Ca-ATPase
activity in freshwater fish were less investigated and remain
to be studied thoroughly. Nevertheless, our previous
work demonstrated that Ca-ATPase in the gill, brain, and
muscle of freshwater fish (Oreochromis niloticus) generally
decreased following exposure to Al-NP, Cu-NP, and TiNP (Canli and Canli, 2019; 2020). Studies have shown that
ATPases are inhibited or stimulated, in the aquatic animals
exposed to NPs, depending on the sizes, metal contents,
exposure conditions, and species in concern. There is a
distinct difference between the in vivo and in vitro methods
applied to measure the activities of ATPases. That is, if
a generalization is made, in animal tissue homogenates
under the influence of metal in vitro, Na, K-ATPase is
inhibited to a certain degree depending on the dose, but in
vivo metal exposures cause fluctuations in ATPase activity,
depending on metal type and experimental conditions.
However, in vitro and in vivo effects of NPs on ATPases
are still to be investigated thoroughly in aquatic animals,
especially in mollusks.
In conclusion, the present study demonstrated that all
NPs were able to alter the activities of Na-ATPase, MgATPase, and Ca-ATPase following the 14-day exposure
protocol, suggesting the toxic effects of NPs. Thus, this
work emphasizes that NPs can cause serious toxic effects
in mussel physiology and some measures should be taken
to limit the discharge of these matter into the environment,
as they seem likely to be the dominant pollutants of the
environment.
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